. Analysis of the meridional reflections. A) Tracing of the 27Å and 28Å meridional regions of X-ray diffraction images from Ctrl soleus muscle at rest (grey) and during isometric contraction (black). The 27Å and 28Å reflections are shown on either side around the center of the pattern (pixel #0) omitting the inner regions. Peak position was determined by setting a baseline at half maximum then calculating the centroid of the peak area above the baseline (see the left-most 27Å peak). The reciprocal spacing (d') is defined as the centroid-to-centroid distance. B) Resting (light red) and tetanic (dark red) 27Å and 28Å meridional diffraction plot profiles of Neb cKO soleus. Note the inward shift of the 27Å peaks during isometric contraction in Neb cKO resulting in decreased d'(27Å)tet and consequently increased actin subunit spacing. Figure S4 . Effect of nebulin on myofilament stiffness in simulated three-dimensional sarcomere lattice. A) and B) Development of muscle stiffness (continuous line) and tetanic force per thin filament (dashed line) assuming 30 pN/nm or 10 pN/nm thin filament stiffness. Sarcomere lattice geometry and kinetic parameters were set to resemble the Ctrl muscle, thin filament stiffness was chosen in accordance with the finding of Fig. 2F to simulate thin filament subunit extensibility of either the Ctrl or the Neb cKO muscle. C) Development of muscle stiffness, isometric force per actin and number of cross-bridges during simulated muscle activation assuming identical sarcomere geometry and kinetics but 30 pN/nm or 10 pN/nm thin filament stiffness according to Ctrl or Neb cKO, respectively. D) Direct effect of reduced thin filament stiffness on the isometric force per actin and muscle stiffness. The specific force is expressed as average force per actin filament in proximity of the Z-line and muscle stiffness refers to the average total stiffness of a subsystem including one myosin and two actin filaments. 
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Tissue collection and sample preparation
Dissection of muscles was performed on mice anesthetized with carbon dioxide (CO2) used as a short acting anaesthetic (4) and sacrificed by cervical dislocation. The left m. soleus was dissected first, quickly placed into oxygenated (with 100% O2) Ringer solution (145 mM NaCl, 2.5 mM KCl, 1.0 mM MgSO4, 1.0 mM CaCl2, 10.0 mM HEPES, 11 mM glucose, pH 7.4) on ice and prepared for intact muscle mechanics experiment. The right m. soleus was removed afterwards, quick frozen in liquid nitrogen and stored at -80 °C for later use, i.e. genotype confirmation by protein analysis. Both tibias were removed, tibia length was measured and used for muscle weight normalization.
PCR
Sequence-specific PCR was also used to confirm the genotype from tail-tips of the animals. Here, primers P1, P2, P3 and P4 were used, WT product from primers P1 and P3 is 122 bp, for flox allele product from primers P1 and P2 is 377 bp, for recombined cKO allele product from primers P3 and P4 is 184 bp.
(Primer sequences: P1:
TTTTTCTTTCTTATTTTTCAGGTTTGA-3'). For details, see supplementary material of (1).
Quantification of protein expression
Flash frozen soleus tissues were pulverized in liquid nitrogen and then solubilized in urea buffer (8M urea, 2 M thiourea, 50 mM tris-HCl, 75 mM dithiothreitol with 3% SDS and 0.03% bromophenol blue, pH 6.8) and 50% glycerol with protease inhibitors (0.04 mM E64, 0.16 mM leupeptin and 0.2 mM PMSF) at 60 °C for 10 min (5). Solubilized samples were centrifuged at 13 000 RPM for 5 min, aliquoted, flash frozen in liquid nitrogen and stored at -80 °C. Nebulin expression analysis was performed on solubilized samples using a vertical SDS-agarose gel system as previously described (6) . 1% gels were run at 15 mA per gel for 3:20, then stained using Coomassie brilliant blue, scanned using a commercial scanner. The previously determined PCR-based genotype of the animal was reconfirmed based on the presence (Ctrl) or absence Tropomyosin and troponin expression was normalized to GAPDH (GA1R, mouse monoclonal, 1:5000, ThermoFisher Scientific or 14C10, rabbit monoclonal, 1:5000, Cell Signaling).
Histology
Soleus muscles from n=3 Ctrl and n=3 Neb cKO animals were harvested, fixed in 10% neutral buffered formalin for 24 hours, processed and embedded into paraffin blocks. Routine picrosirius-red (PSR) and
Gömöri-trichrome stains were performed on 4 μm thick cross-sections of tissue cut from the formalin fixed, paraffin embedded (FFPE) blocks. Muscle cross-sections were collected through 500 μm depth with 30 μm step size in order to achieve proper sampling. Images were captured using a 40x objective (NA=0.75) on a Zeiss Axio Imager.M1 imaging system equipped with a 1.3Mpix AxioCam MRc digital camera (Zeiss, Oberkochen, Germany).
To assess collagen content on the picrosirius-red images, PSR-stained tissues were excited at 561-nm with a mercury arc lamp and direct PSR fluorescence was detected in the "red" channel with a 635-to 685-nm bandpass filter. Unlike the polarization microscopy-based methods the direct PSR fluorescence has been shown to be insensitive to the orientation of the collagen fibers (8) . PSR-stained skeletal muscle fibers showed strong fluorescence when excited at 488 nm and detected in the "green" channel with a 495-to 550-nm bandpass filter. Specific collagen signal was acquired by digitally subtracting the intensitynormalized green channel image from that of recorded in the red channel using Fiji-ImageJ 1.50g (NIH, USA). Collagen area was calculated by counting the bright pixels above a manually set threshold on the difference image and expressed relative to the total pixel area.
Collagen (together with other polyacidophilic structures) is expected to appear in form of blue fibrils with Gömöri-trichrome staining and it was therefore measured on bright-field color images. Muscle fibers (and their area) were identified by color-specific local contrast enhancement using Fiji-ImageJ 1.50g (NIH, USA) with a custom-developed macro. Collagen area was calculated by counting the blue pixels above a manually set threshold subsequent to the selective subtraction of muscle fiber area.
Intact muscle mechanics and sarcomere length measurement
Intact muscle mechanics was performed using a custom built ex vivo test system. Soleus samples were dissected and subsequently placed into a custom-made, temperature controlled experimental cell (Fig.   1A ) filled with oxygenated Ringer solution and kept at 30 °C. Soleus muscles were mounted vertically in the experimental cell, its distal tendon was sutured to a fixed hook whereas the proximal tendon was attached via silk suture to a combination servomotor-force transducer (Model 6350, Cambridge
Technology, Inc., Lexington, MA). The force transducer was controlled by an ASI 300C-LR (Aurora Scientific, Inc., Aurora, ON, Canada) dual-mode controller. The optimal length (L0) was determined by adjusting muscle length until maximal twitch force was produced (pulse duration of 200 μs with biphasic stimulation) (1, 9, 10). Tetanic stimulation was typically maintained for at least 3 s by using the smallest pulse frequency required to achieve maximal tetanic contraction and 0.2 ms pulse width.
In the case of 12-12 Ctrl and cKO muscles, respectively, 75 μM blebbistatin (Cayman Chemical, Ann
Arbor, MI, USA) was added to the Ringer solution to inhibit muscle contraction (11) . Comparably low tetanic tension values were obtained for both the Ctrl and cKO samples by varying the incubation time between 10 and 40 minutes prior to muscle activation. Due to blebbistatin's photosensitivity in the low wavelength visual spectral range, exposure to blue or white light was limited as much as possible by using 590 nm LED illumination in the shaded experiment area.
In order to investigate the effect of muscle activation on the actin and myosin subunit spacing a modified force control protocol similar to (12) was used on 15 Ctrl and 14 cKO muscles. During this force control protocol the tetanic force was rapidly lowered to 30-85% of its initial value by releasing the muscle (Fig. 2C) . To avoid significant muscle shortening the typical duration of these force steps was 40 ms. To obtain high quality X-ray diffraction pattern several release-restretch steps were applied consecutively during muscle activation.
The measured force (F) was normalized to the physiological cross-sectional area (PCSA) to obtain specific force or tension (T) using the following equation:
where ρmuscle is the density of freshly dissected intact muscle (1.056 g/cm 3 according to (13) ), Lmuscle is muscle length without tendons at which the X-ray diffraction experiment was performed, FLR or Lf/Lm is the fiber/muscle length ratio (0.72 for mouse soleus (13)), mmuscle corresponds to muscle mass and θ is pennation angle (8.5° for mouse soleus from (13)).
Subsequent to the intact muscle mechanics experiment the studied soleus muscle was unmounted and weighed with 0.1 mg precision (average of 3 measurements). The muscle was then stretched to its previously determined optimal length under a Zeiss SV 11 stereomicroscope (Zeiss, Oberkochen,
Germany) equipped with a calibrated eyepiece reticle. Subsequently, the muscle was fixed with 3%
paraformaldehyde, 2% glutaraldehyde and 0.03% tannic acid in PBS (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 9.5 mM NaHPO4, pH 7.4) for 1 hour, then stored in 50 mM sodium cacodylate buffer (pH 7.4) at 4°C. Sarcomere length (SL) was measured on fixed soleus fiber bundles using a Diaphot 200 inverted microscope (Nikon, Tokyo, Japan) with a 40x objective and a high-speed 640x480 pixel CCD camera controlled by ASI 600A software (Aurora Scientific, Inc., Aurora, ON, Canada). In order to gather a representative average SL value numerous fiber bundles were dissected and subsequently analyzed throughout the entire cross-sectional area of the muscle.
Electron microscopy
Ctrl (n=4) and Neb cKO (n=6) soleus muscles were used for cross-sectional electron microscopic studies. Soleus muscles were fixed at optimal muscle length using 3% paraformaldehyde in 10 mM PBS, https://github.com/GranzierLab/Muscle_UltrastructAn (15).
X-ray diffraction
X-ray diffraction images were recorded using the high-flux (~1x10 13 , 12 keV photons/s) X-ray beam (λX-ray=0.1033 nm) provided by Beamline 18 at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL, USA) (16) . The approximate horizontal and vertical dimensions of the X-ray beam at the sample were 400 and 250 μm, respectively and 150 x 60 μm, respectively, at the detector. To minimize radiation-induced muscle damage the experimental cell was oscillated along its vertical and horizontal axes independently with a translational velocity of 10 mm/s. The velocity was matched to the X-ray beam dimensions so that overlapping X-ray exposure on the muscle surface could be avoided during data collection. Furthermore, the incident X-rays were shuttered during data readout and when exposure was not necessary; additionally, 20 μm thick Al-films were applied as radiation attenuators to achieve the minimal incident flux necessary. The timing of the data collection included a 10 ms X-ray exposure followed by 5 ms data readout resulting in a total of 15 ms frame time. Raw image frames were collected using a Dectris Pilatus 3 1M (Dectris AG, Baden-Dättwil, Switzerland) photon counting detector with 981x1043, 172x172 μm, pixels with a 20-bit dynamic range. Background images were recorded by passing the X-ray beam through the experimental cell just next to the muscle. Image processing including frame averaging and projection of meridional and equatorial plot profiles was performed by using FIT2D (17).
For time-lapse measurements, in order to be able to resolve weak diffraction peaks of interest at least 25 frames were needed to be averaged resulting in 0.375 s time resolution. Otherwise, in the case of timeindependent experiments, frames throughout at least 1-1 s long resting period and tetanic activation, respectively were averaged. Diffraction peaks on the one dimensional intensity profiles produced using the projection tool in the program FIT2D (17) were analyzed with the custom chiplot.analyze.py program developed in the Irving lab (18) as follows: first, projection traces containing the peak reflections were split into two halves, then the background was subtracted using a smoothed convex hull algorithm and finally, the centroid of the peak of interest was calculated using the trapezoidal rule. Reciprocal spacing (d') was calculated as the pixel distance between the two centroids on either side of the pattern (for an example, see SI Appendix, Fig. S1 ). The sample-to-detector distance (x) was determined by using Silver behenate as a calibrant and fitting its diffraction pattern with the calibration tool in FIT2D. Absolute spacing (d) was calculated from Bragg's equation:
The 27Å meridional reflection was analyzed to measure the fundamental actin inter-subunit spacing of ~2.7 nm. The 28Å meridional reflection is the 5 th order of the fundamental 143Å (14.3 nm) reflection
and was used to characterize the ultrastructural changes of the myosin backbone spacing. The 27Å and 28Å spacings were calculated from projections generated by integrating the diffracted intensity in the 0.012 nm -1 reciprocal radial range on either side of the meridian (12, 19) .
The 51Å (5.1nm) and 59Å (5.9nm) layer lines were studied to assess the pitches of the right-handed and left-handed genetic helices of the thin filament, respectively. The 51 and 59Å spacings were calculated from off-meridional projections in the 0.013-0.053 nm -1 reciprocal radial spacing range, according to (20) .
The resting intensity of the 3 rd order meridional reflection of troponin (TN3 at 129Å) was calculated by fitting the resting diffraction peaks to Gaussians subsequent to background subtraction. X-ray exposure conditions (shutter and attenuator setting) as well as duration were identical for all analyzed data points.
Furthermore, intensity was normalized to the total volume of thin filaments. The number of thin filaments per muscle cross-section was calculated as the ratio of the physiological cross-sectional area and unit cell area (detailed calculation later) multiplied by 2. Total thin filament length was derived from muscle length divided by the sarcomere length assuming 0.72 fiber length ratio (13) . Thin filament lengths were assumed to be 1.2 and 1.06 μm in Ctrl and Neb cKO (1) for a half sarcomere. The total volume of thin filaments was calculated as the total length multiplied by the total thin filament area assuming 3.5 nm thin filament radius in both genotypes. The ratio of intensities of the third order troponin reflection (TN3) was calculated by fitting the contracting and resting diffraction peaks to Gaussians and calculating the ratio of their integrals (21) .
The far off-meridional part of the second actin layer line (2ALL at 190Å) was studied to characterize tropomyosin movement over the thin filament in activated muscles, based on (22) . Off-meridional projections were generated in the 0.189-0.227 nm -1 reciprocal radial range. Peak intensity and width (full width at half maximum, FWHM) was determined by fitting the background-subtracted contracting (tetanic) intensity profile to a Gaussian function using the MuscleX Application Suite (23) . The 2ALL intensities were normalized with respect to the total background intensity (24, 25) .
The fourth myosin layer line (4MLL) did not show lattice sampling and was devoid of interference from actin layer lines on both passive and tetanic X-ray diffraction patterns (Fig. 1C) . The diffraction images were quadrant-folded and background was subtracted using the MuscleX Application Suite. The integrated total background intensity of each diffraction image was calculated and used for intensity normalization. One-dimensional off-meridional plot profiles were generated by tracing the entire 4MLL area across its width and length then the first maximum on the MLL4 plot profile was fitted to Gaussian function. The area under the Gaussian was subsequently calculated.
To assess the myofilament lattice spacing the 1,0 and 1,1 equatorial reflections were analyzed on equatorial projections produced using the projection tool in Fit2D (17) . Equatorial intensities were A multi-step tension correction was applied to calculate the tension per individual thin and thick filament in Ctrl and cKO soleus. First, a cross-sectional area correction was performed based on EM image analysis to calculate the percent area occupied by muscle. The muscle percent area was defined as [100%-ECM area (%)]*myofibril area (%). Second, the unit cell area of the myofilament lattice was calculated from the measured passive d1,0 equatorial lattice spacing as A = 2/√3 *(d1,0) 2 according to (27) . The number of unit cells per muscle cross section equals the muscle area from the first step divided by the unit cell area. Third, the tension distribution along the thin and thick filaments was determined from the overlap between the thick and thin filaments according to (20) . Thin filament length values of Ctrl and cKO soleus were taken from (1) (1.2 and 1.06 μm, respectively) whereas the thick filament length was presumed to be 1.6 μm in both groups. To get more accurate overlap data the previously measured optimum sarcomere lengths of the individual muscles were used in the calculations. The force that a thin filament senses is maximal from the Z-disk through the I-band and decreases linearly in the overlap region (A-band) and reaches zero where the pointed ends of the thin filaments terminate or overlap region is exceeded.
By contrast, the force on a thick filament starts to develop linearly at their distal ends, reaches a maximum where the thin filaments terminate and stays at its maximum until the M-line. Using these considerations, the force per individual thick and thin filament was calculated by distributing the measured corrected tension onto a single unit cell (i.e. per 2 thin filaments or one thick filament).
Consistent with prior research (1) a shift toward oxidative (type I) fibers was found in Neb cKO soleus (SI Appendix, Fig. S9B-E) . Because the distinct isoform composition of EDL and soleus muscle of Ctrl mice do not affect the tropomyosin reflection (intensity of the 2ALL in contracting muscle) and the troponin reflection (TN3 intensity) in relaxed and contracting muscle (Ma et al., in press) we consider it unlikely that the isoform switch in Neb cKO muscle affected our results.
Simulations using the MUSICO platform
Isometric force development and instantaneous muscle stiffness was estimated using simulations generated by the MUSICO computational platform (28) . MUSICO incorporates the explicit 3D sarcomere geometry, the elastically extensible thick and thin filaments and a nine state actomyosin cycle (29, 30 ).
This comprehensive model of muscle contraction is defined by: (a) the strain-dependent kinetics required for actin-myosin interactions, derived from reaction-energy landscapes, (b) actin-myosin interactions that are controlled by the exact position of myosin heads associated with a unique set of target sites on thin filaments within the 3D sarcomere lattice (28) .
Thin filament stiffness values used in the simulations were obtained from in vitro measurements on phalloidin-labeled regulated actin (31) or calculated from the current X-ray diffraction experiments. Other parameters excepting thin filament stiffness in the simulations were similar to those used previously (28, 30) . Explicitly simulations of force development provided insights into the evolution of the isometric force, muscle instantaneous stiffness and the number of cross-bridges. The force generated by the muscle is either expressed as tension in (kPa) or as mean force per actin filaments in the proximity of Z-line. The muscle stiffness is obtained as an incremental change in tension over the incremental change in muscle length. For simplicity, the muscle stiffness is also shown as average stiffness of a subsystem consisting of a thick filament associated with two thin filaments. At maximal activation, the distribution of forces along the thick and thin filaments together with the actin monomer spacings are also acquired from the simulations (32) .
Statistics
The sample size was calculated by performing a power analysis using G*Power 3.1.9.2 software (written by Franz Faul, Universität Kiel, Germany). Sample randomization as well as blinding of the investigator was applied during X-ray diffraction image analysis where investigators were unaware of the genotype of the animals during the analysis of the diffraction profiles. Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). Descriptive statistical results are
shown as mean ± standard deviation unless stated otherwise. Differences between groups were considered to be statistically significant at a probability value of p<0.05. Two-tailed t-tests were used when comparing averages of two datasets. Two-way ANOVA with Sidak's multiple comparisons test were used when comparing averages of multiple (>2) datasets. Linear and non-linear regression analysis was used to fit and compare diffraction spacing and intensity data, the 28Å curves were fit with a one site ).
Data availability
The data that support the findings of this study are available from the corresponding author upon request.
